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A B S T R A C T
It is generally assumed that increased microalgal biomass productivity on any particular geographical site would
be most likely achieved by strains native to that region. However, direct assessment of that hypothesis remains
challenging. Here we isolated and biochemically characterized twenty-six microalgal strains from one of the
regions with the highest irradiances of the planet. Biomass and lipids productivity of phylogenetically-close
Scenedesmus strains native to regions of contrasting irradiances performed similarly under laboratory culture
conditions. Culture simulations in environmental photobioreactors, mimicking regional weather conditions,
broadly showed physiological responses of these strains according to their origin. However, under the mean
weather conditions of a predicted highly productive region, an exotic strain from a lower irradiance zone re-
sulted 40% more productive than a phylogenetically close-relative native strain. These results challenge the
generalized view of the convenience of using native microalgae to increase productivity and broadens the dis-
cussion towards alternative scenarios.
1. Introduction
Microalgal biomass can contribute significantly to expanding the
availability of feedstocks for biofuels in most temperate regions of the
world. This statement is based on the potential for high productivity of
algae while using non-arable land, brackish water or salt water, and on
the possibility of using waste nutrients and effluents. However, micro-
algal production costs, biomass harvesting and conversion into biofuels
must be significantly reduced to about 5-fold to reach DOE targets set
for 2022 for commercial feasibility. Microalgae production is the most
expensive operation accounting for about 65% either for current or
projected production costs towards 2022 (Department of Energy, 2014;
Slade and Bauen, 2013).
A key challenge to address this problem is increasing the annual
biomass productivity from the current state-of-the-art productivity of
8.5 g·m−2·day−1 to 25 g·m−2·day−1 that would be required to approach
target production costs (Huesemann et al., 2018).
It is anticipated that increased productivity in open pond systems
would result from the integration of technology development together
with strategic assessments of resources to operate sustainable algal
systems. Resource assessment comprises weather conditions such as
solar irradiance, temperature, precipitation regime, wind, etc.; non-
arable land and land slope; non-potable water, waste-nutrient streams
and waste CO2; supporting transport infrastructure to access
downstream conversion processing; and isolation and characterization
of local microalgal strains (Lammers et al., 2017).
The convenience of using highly competitive local species has been
consistently suggested (Lammers et al., 2017) since pioneering efforts
such as the DOE Aquatic Species Program (Benemann and Oswald,
1996). It has been shown more recently that desmid microalgae
(Stamenković and Hanelt, 2013) and Chlorella spp. (Barati et al., 2018)
strains displayed physiological responses towards temperature that
matched the locations from which they had been isolated.
Many attempts have been made for algal biomass production
modeling and climate-simulated culturing. Light and temperature are
the main abiotic determinants of biomass productivity in photo-
bioreactors and ponds operated under well-mixed and nutrient-replete
conditions. For example, Huesemann et al. (2013) developed a model
which uses only two physical (incident light intensity and culture
depth) and two species-specific biological input parameters (biomass
light absorption coefficient and the specific growth rate as a function of
light intensity) for predicting the biomass growth rates (Huesemann
et al., 2013). Other productivity prediction models included as input
variables gas-to-liquid mass transfer, algal uptake of carbon dioxide,
algal growth kinetics, and light and temperature (Pegallapati and
Nirmalakhandan, 2012). Another study integrated a microalgae growth
model with hourly historical meteorological data from global locations
for the assessment of the productivity potential of microalgae cultivated
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in closed photobioreactors. This analysis suggested an average world
productivity of 9.4 g·m−2·day−1 and up to 15 g·m−2·day−1 in some
geographical regions, such as Australia, Brazil, Colombia, Egypt,
Ethiopia, India, Kenya, and Saudi Arabia, predicted as highly produc-
tive (Moody et al., 2014).
More recently, last generation culturing systems such as indoor ra-
ceways at Pacific Northwest National Laboratory (Huesemann et al.,
2017) and the Phenometrics environmental Photobioreactors™ (ePBRs)
(Lucker et al., 2014), controlling LED-light intensity and temperature,
allowed simulating open pond culture conditions at different geo-
graphical regions. These devises brought a low-risk and cost-effective
way of screening strains for their potential of exhibiting high biomass
productivities in outdoor ponds, for finding the best match for a given
strain and a specific geographic location, and for identifying the op-
timum pond operating conditions (Lammers et al., 2017).
Resource assessment and algal productivity models suggested South
America and Africa as two of the continents with higher potential for
massive culture of microalgae (Moody et al., 2014). Bioprospecting
efforts for biotechnologically relevant microalgal strains in South
America have been quite recent and modest either in number or in
prospecting effort with a few exceptions mostly in Brazil, and Argen-
tina, (Araujo et al., 2011; Do Nascimento et al., 2012; Nascimento et al.,
2013; Sanchez Rizza et al., 2017).
In this study we compared the productivity of oleaginous microalgal
strains identified after bioprospecting studies from two Argentinian
eco-regions with contrasting solar irradiation and temperature. By
ePBR simulations of Scenedesmus obliquus strains productivity in open
ponds we observed a differential irradiance-dependent maximal bio-
mass productivity according to the strains origin. However, the overall
higher areal biomass and lipid productivity corresponded to the strain
native to the low-irradiance site under the mean weather conditions of
the higher irradiance site in deeper open raceway-ponds.
2. Materials and methods
2.1. Microalgae isolation
Microalgae bioprospecting and isolation were conducted essentially
as Do Nascimento and colleagues (Do Nascimento et al., 2012) with
modifications. Briefly, freshwater samples were collected from of Jujuy,
Argentina (24°11′08″S 65°17′58″W) during January and March in
2016. Samples were supplemented with BG110 medium (Rippka et al.,
1979) containing 3mM NaNO3 as the nitrogen source. Cultures were
incubated at 29 ± 1 °C and constant light at 310 μmol pho-
tons m−2·s−1. After enrichment for a few months, dominant strains
were isolated by serial dilution or streaking onto solid medium.
Monoalgal condition of the cultures and axenicity were ascertained by
observation under a microscope and cultivation on LB medium for the
presence of heterotrophic bacteria, respectively.
2.2. Microalgal strains identification
2.2.1. Morphological determination
Strains were preliminary identified by observation of morphological
characters under a microscope and using taxonomic keys (Bourrelly,
1966).
2.2.2. Ribotypification and sequence analysis
Taxonomic determination was further confirmed by sequencing a
ribosomal RNA region comprising ITS1-5.8S-ITS2 as reported before
(Do Nascimento et al., 2012). Total DNA was extracted from 107 to 108
microalgal cells in 400 μL of TE buffer (10mM Tris–HCl, pH 8.0 and
1mM EDTA) containing 0.5% SDS, 200 μL phenol and 200 μL chloro-
form. The aqueous phase was further extracted with phenol and
chloroform and then DNA was precipitated in the presence of 0.3M
sodium acetate and 1mL of ice–cold ethanol. DNA was collected by
centrifugation at 13,000 rpm for 15min, washed once with 1mL of
ice–cold 70% ethanol, air dried and finally resuspended in 40 μL of
deionized water. PCR analysis was conducted using the oligonucleo-
tides 5′-GAAGTCGTAACAAGGTTTCC-3′ (forward) and 5′-TCCTGGTTA
GTTTCTTTTCC-3′ (reverse) (Timmins et al., 2009). PCR products were
analyzed by 1% agarose gels electrophoresis and sent to a sequencing
facility (Macrogen Inc., Seoul, South Korea) for the corresponding
analysis. Sequencing results were analyzed with Basic Local Alignment
Searching Tool (BLAST) by The National Center for Biotechnology In-
formation (http://blast.ncbi.nlm.nih.gov) and by multiple sequence
analysis using the Clustal W algorithm from The Molecular Evolu-
tionary Genetics Analysis v7 (MEGA7) software (Kumar et al., 2008).
Phylogenetic trees were created using the Neighbor Joining algorithm
from the MEGA7 software after 1000 rounds of bootstrap resampling.
2.3. Microalgae cultivation
Cultivation of microalgae was conducted as described before (Do
Nascimento et al., 2012; Sanchez Rizza et al., 2017) with minor mod-
ifications. For biomass characterization, microalgal strains were culti-
vated indoors in 500mL sterilized glass bottles containing 300mL
BG110 medium containing 1mM NaNO3 (N-deficiency) sparged with
filtered air from the bottom. Cultures were incubated at 29 ± 1 °C
under constant light at 380 μmol photonsm−2·s−1.
For a detailed analysis of biomass productivity and biomass bio-
chemical composition, we used the microalgal strains S. obliquus C1S
and Desmodesmus sp. FG isolated from South-Eastern Buenos Aires (Do
Nascimento et al., 2012) and Scenedesmus sp. P31 and Desmodesmus sp.
P5 isolated from the province of Jujuy. These different geographical
regions were selected for their different climatic conditions, specially
their contrasting irradiance regime. Microalgae strains were cultivated
in 500mL sterilized glass bottles sparged with filtered air from the
bottom containing 300mL BG110 medium supplemented with 1mM or
6mM NaNO3 at 29 ± 1 °C under high (310 μmol photonsm−2·s−1) or
low (110 μmol photons m−2·s−1) irradiance conditions.
For cultivation in environmental photobioreactors, two
Phenometrics™ ePBR laboratory benchtop photobioreactors were used
(Fig. 1). The ePBR was designed to simulate the environmental condi-
tions prevailing in outdoor algal production ponds, with a special focus
on light penetration (Lucker et al., 2014). The culture volume of each
reactor was 460mL or 90mL of BG110 medium containing 6mM
NaNO3 to achieve a simulated pond's depth of 20 cm or 5 cm, respec-
tively. Simulated weather conditions are sown in Table 1. The selected
conditions were mean autumn weather in Buenos Aires or Jujuy and a
hypothetical extreme condition of a fully sunny month in spring in
Jujuy, which was set from data registered by the NASA, USA (maximum
irradiance of 2850 μmol photonsm−2·s−1 and 15 light hours per day on
November 2004). For 5 cm simulated ponds the light source was set at
2850 μmol photons m−2·s−1 as calibrated for 20 cm ponds for a de-
termined light intensity of 1850 μmol photonsm−2·s−1 on the cultures
surface. Biomass productivity was calculated from biomass dry weight
when cultures reached stationary phase.
2.4. Analytical methods
Most analytical methods were described by Sanchez Rizza et al.
(Sanchez Rizza et al., 2017). Cell density was estimated by OD at
750 nm and biomass dry weight was determined by drying out culture
samples in an oven at 70 °C until constant weight (2–3 days). For bio-
mass total protein determination, samples were heated at 100 °C for
10min in the presence of 1 N NaOH (Pruvost et al., 2011) and then
protein determination was conducted following the Lowry's method
(Lowry et al., 1951) using NaOH-treated bovine serum albumin as a
standard. For biomass total carbohydrates determination, samples were
reacted with the anthrone reagent (Dreywood, 1946) and carbohy-
drates content was calculated from a standard curve using glucose.
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Total lipids were determined gravimetrically after lipids extraction
basically according to Bligh and Dyer (Bligh and Dyer, 1959) with
modifications (Do Nascimento et al., 2012) or by the sulfo-phospho-
vanillin method (Mishra et al., 2014) using commercial canola oil as
lipid standard. Carotenoids were quantified spectrophotometrically
from the lipid fractions obtained by the modified Bligh and Dyer
method and the equations proposed by Wellburn (Wellburn, 1994).
3. Results and discussion
3.1. Isolation and identification of microalgal strains from Jujuy, Argentina
We had previously assembled a collection of thirty-four microalgal
strains from different continental freshwater environments from
Southeastern Buenos Aires, Argentina (38°0′0″S 57°33′0″W) at sea
level. Strains had been primarily identified by cell morphology and
taxonomical classification, which was further refined by sequence
analysis of their ribosomal RNA region comprising ITS1-5.8S-ITS2.
After biochemical characterization of the biomass and indoors and
outdoors growth performance, Scenedesmus obliquus strain C1S, was
identified as one of the most promising strains of the collection for
technological applications (Do Nascimento et al., 2012).
According to a previous global model of microalgal productivity
from regional weather inputs, and temperature- and light-dependent
productivity of Nannochloropsis sp. data, Southeastern Buenos Aires
would rank as a low- to mild-productive geographical region. The study
also suggested that the Northwestern part of the country would be one
of the most productive sites in South America (Moody et al., 2014)
(Fig. 2).
Jujuy, Argentina (24°11′08″S 65°17′58″W) with a mean altitude of
3433m above sea level presents one of the highest mean irradiances
over the planet's surface at 7.5 kwh·m2·day−1 (Rondanelli et al., 2015).
For this study, we assembled a collection of microalgal strains na-
tive from Jujuy. Samples were collected from various freshwater nat-
ural or artificial ponds from summer to autumn 2016. From the cultures
that displayed the highest growth robustness, twenty-six monoalgal
cultures were established. Fig. 3 shows a neighbor joining phylogenetic
tree depicting the relatedness of the native strains ribosomal RNA re-
gion with selected sequences from the public databases. Although re-
presentative strains from most Chlorophyta clades were isolated, an
apparent redundancy of closely related Desmodesmus strains was ob-
served.
For a preliminary assessment of the biotechnological potential of the
native strains, carbon reserves accumulation was induced by culturing
the microalgae under a limiting amount of nitrogen (1mM NO3−) and
high light irradiance (constant 380 μmol photons m−2·s−1) for 10 days.
As shown in Table 2, under these conditions a few strains (F21, F22,
and Prm) accumulated carbohydrates over 50% (w/w) and could be
regarded as potentially interesting feedstocks for bioethanol. Most
Desmodesmus strains, accumulated lipids up to about 40% (w/w) sug-
gesting potential as biodiesel feedstocks. As expected, higher levels of
lipids were revealed by the sulpho-phospho-vanillin method than by the
modified Blight and Dyer procedure for lipids extraction with organic
Fig. 1. Phenometrix TM environmental photobioreactor (ePBR). A, picture; B,
schematic (front views).
Table 1
Culture conditions in environmental photobioreactors.
Condition Buenos Aires meana 20 Jujuy mean 20 Jujuy sunnyb 20 Jujuy sunny 5
Growth medium BG110, 6 mM NaNO3 BG110, 6 mM NaNO3 BG110, 6 mM NaNO3 BG110, 6mM NaNO3
Culture depth (cm) 20 20 20 5
Temperature (°C) 16 ± 4 12 ± 8 14 ± 9 14 ± 9
Max. irradiancec (μmol photons m−2 s−1) 838 1501 2850 1850
Day duration (h) 12 12 15 15
a Mean weather conditions in autumn.
b Only sunny days in spring.
c On the culture's surface.
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solvents and gravimetric determination (Mishra et al., 2014). The most
dramatic discrepancy was observed for biomass of strain Chlamydo-
monas sp. strain F22. It is known that the Blight and Dyer method may
underestimate oil content due to suboptimal extraction from micro-
algae with thick (or hard-to-break) cell walls (Baudelet et al., 2017). On
the other hand, the sulpho-phospho-vanillin method is sensitive to the
level of unsaturation of the fatty acids in the samples, and might also be
less accurate in some cases (Mishra et al., 2014). The specific optimi-
zation of methods for accurate determination of lipids in every single
strain of this collection might correspond to a separate work and thus is
beyond the scope of this study. Nevertheless, high lipid content and/or
reactivity, together with low accumulation levels of carbohydrates
Fig. 2. Solar resource data for Argentina modified from the Global Solar Atlas. The World Bank, Solar resource data: Solargis, 2017. Modeled regions, Buenos Aires
and Jujuy, were highlighted in circles.
C.D. Coronel et al. Bioresource Technology Reports 5 (2019) 104–112
107
upon nitrogen starvation, agrees with a general trend for oleaginous
microalgae (Do Nascimento et al., 2012; Li et al., 2010; Sanchez Rizza
et al., 2017).
Most of the strains of the collection developed yellow to orange
pigments by the sampling time of this screening. Spectrophotometric
analysis suggested that some of the strains, especially A3 and A14, can
accumulate carotenoids at about 0.3% (w/w). This would place them as
candidate strains to further explore their potential as pigments produ-
cers, although considerably behind other well studied species such as
Dunaliella salina or Haematococcus pluvialis (Del Campo et al., 2007;
Spolaore et al., 2006).
3.2. Comparison of biomass productivity of selected native strains from low-
or high-irradiance geographical sites
It is broadly assumed that native microalgal strains might display a
more robust growth and productivity for any specific geographical site.
This postulate is conceptually appealing, and among other ecological
concerns, supports most bioprospecting efforts globally (Araujo et al.,
2011; Do Nascimento et al., 2012; Lammers et al., 2017; Mutanda et al.,
2011; Nascimento et al., 2013; Sanchez Rizza et al., 2017; Sheehan
et al., 1998; Steinrücken et al., 2017).
However, it has been extremely challenging to analyze whether or
how much “elite” strains can acclimate to proliferate in specific geo-
graphical regions regardless of its origin and the contribution of
matching the strain origin and the geographical site of cultivation
(natural selection) for higher biomass productivity. This assessment
might entail large outdoors facilities at different sites, enough replicas
over several years to account for local weather variability and per-
mission for outdoors testing of exotic strains.
Having a microalgal culture collection from two geographical sites
with contrasting irradiance conditions (Buenos Aires and Jujuy) gave us
the opportunity to investigate some aspects of native strains adapt-
ability to specific environmental conditions.
Thus, we selected two pairs of very closely-related strains at the
rDNA sequence, one from each geographical region for analysis (Fig. 3).
The S. obliquus strains C1S (Buenos Aires) and P31 (Jujuy) are 100%
identical at the rDNA sequence. Strain C1S was only marginally more
productive than strain P31 irrespective of nitrogen availability at 1 or
6mM NO3− or constant light intensities of 110 or 310 μmol pho-
tons m−2·s−1, in air-bubbled bottles at 29 °C (Table 3). Growth curves
analysis showed a similar trend (Fig. 4A–D). Biomass composition
analysis additionally confirmed the relatedness of strains C1S and P31,
since both displayed a very similar reduction in proteins accumulation
and an increase in lipids storage when cells were cultivated for 10 days
at the expense of 1mM NO3− (Table 3).
A similar analysis was conducted with the pair of Desmodesmus sp.
strains FG (Buenos Aires) and P5 (Jujuy) that share an rDNA sequence
identity of 95%. Strain FG from Buenos Aires (lower irradiance site)
grew faster strain P5 from Jujuy (higher irradiance site) under all the
conditions analyzed (Fig. 4E–H). However, the difference in the ap-
parent growth rate was exacerbated under lower light irradiance
(Fig. 4E and G). While strain FG preferentially accumulated carbohy-
drates upon nitrogen starvation (Sanchez Rizza et al., 2017), strain P5
accumulated lipids up to about 50% (w/w) (Table 3). A more detailed
analysis of strain FG as a potential feedstock for the production of
ethanol has been already conducted (Sanchez Rizza et al., 2017).
Likewise, lipids accumulation of strain P5 and biomass processing into
biodiesel should be further optimized to ascertain the potential of this
strain as a feedstock for that biofuel.
Fig. 3. Phylogenetic analysis of the rRNA ITS1-5.8S-ITS2 region of the native
microalgae isolated from Jujuy, Argentina. The sequences corresponding to the
strains isolated in this work were indicated in bold case and the corresponding
GeneBank accession numbers were indicated. The multiple sequence align-
ments were generated using the Clustal W algorithm from The Molecular
Evolutionary Genetics Analysis v7 (MEGA7) software. Phylogenetic trees were
created using the Neighbor Joining algorithm from the MEGA7 software after
1000 rounds of bootstrap resampling. The relatedness of strains C1S and P31
and FG and P5 is shown by connecting lines on the right.
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Table 2
Biochemical biomass composition of microalgae strains isolated from Jujuy.
Strain Carbohydrate
(% dwt)
Protein
(% dwt)
Lipida
(% dwt)
Carotenoids
(% dwt)
Ankistrodesmus sp. A14 36,22 ± 5,33 18,22 ± 1,16 37,07 ± 0,09
(31,89 ± 3,62)
0,30 ± 0,03
Chlamydomonales sp. F22 53,49 ± 8,23 20,58 ± 5,22 10,26 ± 0,71
(44,31 ± 3,42)
0,03 ± 0,02
Chlorella sp. Prm 47,58 ± 12,03 21,90 ± 2,99 30,42 ± 5,96
(20,66 ± 1,32)
0,03 ± 0,01
Chlorella sp. Rys 34,07 ± 0,77 13,56 ± 1,25 27,10 ± 1,73 (45,50 ± 3,55) 0,07 ± 0,02
Coelastrella sp. P2 43,38 ± 2,78 17,95 ± 3,32 18,18 ± 3,45
(39,96 ± 0,19)
0,16 ± 0,02
Desmodesmus sp. A1 36,73 ± 6,25 31,61 ± 2,20 20,27 ± 0,34
(24,45 ± 1,16)
0,03 ± 0,02
Desmodesmus sp. A2 36,86 ± 11,20 29,27 ± 5,50 20,38 ± 1,05
(26,17 ± 1,99)
0,03 ± 0,01
Desmodesmus sp. P1 42,31 ± 0,86 22,34 ± 2,14 26,93 ± 0,85
(41,02)
0,04 ± 0,01
Desmodesmus sp P3 31,93 ± 3,33 24,88 ± 2,76 25,21 ± 2,12
(32,24 ± 4,28)
0,07 ± 0,01
Desmodesmus sp. P5 29,37 ± 1,19 22,89 ± 5,25 27,24 ± 1,24 (46,45 ± 1,65) 0,10 ± 0,00
Desmodesmus sp. P7 24,10 ± 2,64 21,60 ± 3,75 25,38 ± 7,85
(48,59 ± 2,18)
0,08 ± 0,04
Desmodesmus sp. P9 38,39 ± 0,65 23,33 ± 8,21 21,50 ± 1,46
(35,19 ± 1,91)
0,10 ± 0,02
Desmodesmus sp. P10 23,00 ± 1,88 22,59 ± 0,43 30,40 ± 0,20
(47,76 ± 6,40)
0,09 ± 0,02
Desmodesmus sp. P13 30,41 ± 3,90 24,50 ± 3,64 26,13 ± 1,61
(39,11 ± 0,76)
0,05 ± 0,02
Desmodesmus sp. P15 41,31 ± 2,04 14,44 ± 3,31 22,28 ± 3,51
(40,84 ± 4,84)
0,03 ± 0,01
Desmodesmus sp. P17 35,60 ± 3,57 23,15 ± 2,60 25,96 ± 5,44
(48,98 ± 4,93)
0,10 ± 0,04
Desmodesmus sp. P24 26,45 ± 1,88 26,77 ± 0,05 32,19 ± 0,68
(47,01 ± 1,21)
0,10 ± 0,02
Desmodesmus sp. P36 40,34 ± 4,64 25,85 ± 0,27 22,55 ± 0,49
(32,20 ± 2,58)
0,07 ± 0,03
Desmodesmus sp. P37 39,05 ± 5,49 27,04 ± 1,73 21,84 ± 5,51
(36,81 ± 8,17)
0,07 ± 0,00
Pseudokirchneriella sp. A11 36,48 ± 0,42 23,76 ± 5,88 34,58 ± 0,15
(39,34 ± 2,36)
0,11 ± 0,01
Pseudokirchneriella sp. F16 48,76 ± 2,39 18,46 ± 6,40 30,17 ± 1,50
(32,63 ± 0,06)
0,12 ± 0,04
Pseudokirchneriella sp. F21 52,09 ± 3,32 19,48 ± 3,08 30,14 ± 2,23
(33,94 ± 0,57)
0,15 ± 0,04
Pseudokirchneriella sp. P23 33,97 ± 1,98 27,85 ± 6,20 30,68 ± 0,72
(44,63 ± 1,47)
0,09 ± 0,01
Scenedesmus sp. F15 49,89 ± 2,11 16,82 ± 1,60 28,71 ± 3,18
(35,96 ± 3,35)
0,13 ± 0,00
Scenedesmus sp. P31 47,02 ± 1,44 18,14 ± 2,32 32,39 ± 2,35
(25,84 ± 2,63)
0,05 ± 0,01
Selenastraceae sp. A3 47,20 ± 2,69 16,63 ± 2,46 23,78 ± 1,61
(25,87 ± 1,49)
0,32 ± 0,09
Data represent the mean and range of two independent experiments.
a Lipids have been determined gravimetrically, or by the sulfophosphovanillin method (between parentheses).
Table 3
Effect of light and nitrogen availability on the biomass biochemical composition of selected microalgae isolated from contrasting weather sites.
Strain/NaNO3 (mM) Low irradiance (110 μmol photons m−2·s−1) High irradiance (310 μmol photonsm−2·s−1)
Final biomass
(gdw L−1)
Carbohydrate
(% dwt)
Protein
(% dwt)
Lipid
(% dwt)
Final biomass
(gdw L−1)
Carbohydrate
(% dwt)
Protein
(% dwt)
Lipid
(% dwt)
C1S/1 0,89 ± 0,05 43,14 ± 1,02 21,87 ± 1,72 38,26 ± 4,36 0,86 ± 0,06 49,19 ± 1,00 22,29 ± 1,62 32,24 ± 0,02
P31/1 0,79 ± 0,10 45,54 ± 1,12 23,44 ± 0,44 39,02 ± 2,39 0,78 ± 0,11 46,38 ± 0,19 23,89 ± 0,23 36,27 ± 5,91
C1S/6 1,99 ± 0,13 47,26 ± 2,38 38,20 ± 4,01 27,45 ± 1,64 2,01 ± 0,05 44,39 ± 4,50 32,05 ± 1,46 30,08 ± 3,38
P31/6 1,81 ± 0,18 44,87 ± 3,16 44,50 ± 2,63 24,43 ± 0,59 1,74 ± 0,27 41,25 ± 0,94 35,25 ± 0,35 30,39 ± 3,02
FG/1 0,84 ± 0,04 54,72 ± 1,17 13,22 ± 4,97 34,08 ± 2,09 0,84 ± 0,06 46,20 ± 5,58 11,66 ± 1,82 34,95 ± 0,38
P5/1 0,91 ± 0,01 36,28 ± 1,38 11,29 ± 3,13 46,35 ± 2,37 0,95 ± 0,02 31,86 ± 5,15 16,69 ± 1,16 56,54 ± 1,05
FG/6 1,98 ± 0,09 48,01 ± 4,80 36,65 ± 8,57 20,31 ± 0,01 2,54 ± 0,31 48,25 ± 3,17 29,41 ± 9,12 25,03 ± 0,83
P5/6 1,90 ± 0,09 40,81 ± 0,87 38,14 ± 6,00 33,63 ± 2,99 2,39 ± 0,34 33,22 ± 3,60 30,06 ± 5,05 42,22 ± 4,49
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To further analyze the effect of matching S. obliquus strains origin
with local weather conditions on biomass and lipid productivity we run
ePBR simulations for a low-risk and cost-effective analysis. Whereas
strain C1S has been isolated from Buenos Aires as a robust native strain
that successfully competes with other native strains from the same
environment (Do Nascimento et al., 2012) or other strains (Loera-
Quezada et al., 2016), strain P31 has been chosen among the strains
isolated from Jujuy as the strain most similar to C1S but isolated from a
geographical site with contrasting weather conditions.
We found that weather (light irradiance and temperature) was most
contrasting in autumn between Buenos Aires and Jujuy (Table 1). Also,
both strains C1S and P31 have been isolated from its corresponding
regions in autumn. Thus, we run an autumn mean weather-condition
script on ePBRs simulating 20 cm-deep open ponds (Table 1). We found
that the strain native to Buenos Aires (C1S) would be only marginally
more productive (either areal or volumetric productivity) in Buenos
Aires (Fig. 5B–C). Final biomass concentration was about 50% higher
for the local strain (Fig. 5A). This aspect would be noteworthy, since
low biomass concentration is one of drawbacks for biomass collection at
low cost (Vandamme et al., 2013). Good sedimentation properties to
ease cells harvesting has been shown for S. obliquus strain C1S (Do
Nascimento et al., 2012).
Interestingly, the Buenos Aires strain C1S would be almost 40%
more productive than the native strain P31 in Jujuy in the same season
(Fig. 5B–C).
Running a script to simulate only sunny days in spring in Jujuy to
exacerbate the effect of high irradiance (see materials and methods)
showed a moderate positive effect on biomass productivity by the local
strains P31 and a slight decrease in biomass productivity for the Buenos
Aires strain C1S for all the analyzed parameters (Fig. 5). Reducing the
ponds' depth to 5 cm to further enhance the high-light effect by de-
creasing cells shading in the bottom of the simulated ponds resulted in
an almost two-fold higher volumetric productivity for both strains,
which attained almost identical areal productivities. These results
suggested that under the modeled conditions, volumetric productivity
was mostly limited by light.
Lipid productivity roughly followed biomass productivity in all
conditions and strains tested (Fig. 4D–E). An almost two-fold increase in
the lipids content of the biomass was observed for both strains for the
simulated 5 cm-depth ponds in only sunny days in Jujuy (Fig. 4D–E).
Under these conditions the Buenos Aires strain presented a 23% higher
lipid productivity than the Jujuy strain. Although not further confirmed
in this study, we presume that both, higher light irradiance itself and
light-dependent enhancement of biomass productivity and nitrogen
depletion would contribute to lipids accumulation in both strains, but
perhaps more prominently in the Buenos Aires strain C1S.
Overall, this case study suggested that S. obliquus strains native to
geographical sites with contrasting irradiances tend to show maximal
biomass productivities for a given strain according to its origin (C1S at
lower and P31 at higher light intensities). A similar trend was observed
for the pair of Desmodesmus strains which showed that the Buenos Aires
strain (FG) displays an apparent higher growth rate than the Jujuy
strain (P5), especially under conditions of lower light irradiance
(Fig. 4E and G). Although the structural and/or physiological basis of
this observation has not been addressed in this study, we suggest it
might be related to differences in photosynthetic efficiency as shown for
Cosmarium spp. (Stamenković and Hanelt, 2013) and Chlorella spp.
(Barati et al., 2018) strains isolated from different geographical regions
from tropical to glacial. It is remarkable that the overall highest bio-
mass productivity of the ePBR simulations corresponded to the Buenos
Fig. 4. Growth curve analysis of the effect of light and nitrogen availability on selected microalgae isolated from contrasting weather sites. A–D, Scenedesmus strains
C1S (green circles) or P31 (blue triangles); E–H, Desmodesmus strains FG (green circles) or P5 (blue triangles). A and E, low nitrogen and low light; B and F, low
nitrogen and high light; C and G, high nitrogen and low light; and D and H, high nitrogen and high light. Low or high nitrogen, 1mM or 6mM NaNO3, respectively.
Low or high light, 110 μmol photonsm−2·s−1 or 310 μmol photonsm−2·s−1, respectively. Data represent the mean and range of two independent experiments. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Aires strain under mean weather conditions of Jujuy, which resulted
40% more productive than the native strain (Fig. 5). Similar results
were recently shown for a Spirulina sp. strain that had been isolated in
Southern Brazil but resulted more productive in open raceway ponds
run in the Northeastern than in the Southern region of that country in
winter (de Jesus et al., 2018). Also an Antarctic Chlorella sp. strain
appeared to be tolerant to a wider range of high temperatures and re-
covered sooner from stressing high temperatures than a temperate or a
tropical Chlorella sp. strains (Barati et al., 2018). This physiological
response is quite often displayed by some microbes from extreme en-
vironments that slowdown its metabolism under the prevailing stres-
sing conditions but efficiently activate pathways for biomass produc-
tion during short periods of permissive conditions (Piette et al., 2011).
These results led us to suggest that, at least for some particular
cases, strains already adapted to a specific geographical region not
necessarily would outperform exotic strains in short-cycle outdoors
cultivation-systems. The artificial nature of the productive systems
might dictate stronger adaptive responses in the near term than more
general ecological drivers, as they naturally occurred in the environ-
ment in longer periods of time. A related concept has been used quite
successfully, for example, for the massive cultivation of extremophiles
such as Spirulina sp. or Dunalliela sp. in high pH or saline medium, re-
spectively, to dissuade potential native competitors in productive geo-
graphical regions (Varshney et al., 2015). Thus, for conciliating in-
creasing microalgal biomass production and ecological safety, a
hypothetical win-win situation of a highly productive strain, regardless
of its origin, under artificial culture conditions, but poorly adapted to
the surrounding natural environment of the cultivation site would be
highly desirable. Extremely short-cycle cultivation in hybrid systems
comprising large volume inoculum preparation in photobioreactors and
fast induction of target product accumulation in open raceway ponds
(Narala et al., 2016) would additionally take advantage of this kind of
opportunistic algal strains. Thus, in addition to bioprospecting for mi-
croalgae native to candidate productive sites, this study might suggest
consideration of those opportunistic algae from less stable and year-
round less productive sites. Nevertheless, regional water chemistry and
robustness against potential native competitors and grazers, among
other aspects, should also be considered in further analysis of this
concept.
Although a detailed modeling of the absolute algal productivity in
the region is beyond the scope of this study, these data allowed us to
make some preliminary calculations. We showed productivities for
ePBR-simulated outdoors cultivation of S. obliquus strain C1S up to
6.8 gm−2 day−1 in Jujuy, in autumn (Fig. 4). A recent study found that
biomass productivity simulations in ePBRs were 44% lower than out-
door pond culturing of Chlorella sorokiniana in Arizona (Huesemann
et al., 2017). Then, accounting for the available information on possible
uncertainties of ePBR simulations, productivity for strain C1S could be
from 6.8 to 9.8 g·m−2·day−1 in Jujuy, in autumn. This productivity is
somehow close to the current state-of-the-art annual average pro-
ductivity of 8.5 g·m−2·day−1, but still far away to the 25 g·m−2·day−1
that would be required to approach target production costs
(Huesemann et al., 2018). Unlike most previous simulation studies
(Huesemann et al., 2018; Huesemann et al., 2017; Huesemann et al.,
2013; Moody et al., 2014; Pegallapati and Nirmalakhandan, 2012), in
this work we did not supplement CO2 to the cultures in part because the
Fig. 5. Environmental photobioreactors analysis of matching Scenedesmus spp.
strains origin and simulated weather conditions. A, Final biomass concentra-
tion; B, biomass areal productivity; C, biomass volumetric productivity; D, lipid
areal productivity; and E, lipid volumetric productivity. Black bars, strain C1S
(Buenos Aires); and grey bars, strain P31 (Jujuy). BA mean 20, mean weather
conditions of Buenos Aires and 20 cm-deep ponds; J mean 20, mean weather
conditions of Jujuy and 20 cm-deep ponds; J sunny 20 and 5, only sunny days in
Jujuy and 20 cm- or 5 cm-deep ponds. Data represent the mean and range of
two independent experiments.
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Jujuy high-lands is mostly an undeveloped region and industrial CO2
waste might not be a readily accessible resource for this geographical
site. Nevertheless, the response of S. obliquus C1S to CO2 supple-
mentation in bubbled columns run under laboratory conditions has
suggested a 4-fold enhancement of biomass productivity (Do
Nascimento et al., 2012).
This work further confirms the convenience of using devices such as
ePBRs for low cost and low risk assessment of potential productivity of
native or exotic microalgal strains on any geographical region. As re-
cently proposed, ePBRs appear to be highly reliable in terms of pro-
ducing surprisingly consistent results (Huesemann et al., 2017), since
replicas produced over the course of more than one year after rando-
mizing the scripts and the ePBR units showed very similar values most
of the times. Nevertheless, it is important take into account that ePBRs
are simulation devises that oversimplify the complexity of outdoors
cultivation of microalgae for weather homogenization, light spectrum,
avoidance of contamination and predation, turbulence, etc.
4. Conclusions
This work shows the isolation and basic biochemical characteriza-
tion of twenty-six microalgal strains from a high-altitude and high-ir-
radiance geographical site. We provided a case study for S. obliquus
strains that shows that native strains appear to be more productive
under specific weather conditions in agreement with its origin.
However, the overall highest areal productivity corresponded to a non-
native strain in a higher-irradiance geographical site, suggesting the
possibility of disclosing the productivity potential of opportunistic
strains in more stable and permissive weather conditions.
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